Background/Aims: Gluconeogenesis, a reverse process of glycolysis, is suppressed in neoplastic livers. Cytoplasmic phosphoenolpyruvate carboxykinase (PEPCK-C/PCK1, encoded by PCK1) is a step limiting enzyme of gluconeogenesis. The induced expression of the factor is reported to initiate gluconeogenesis process and antagonize hepatocellular carcinoma (HCC). In the current study, the effect of the modulation of PCK1 expression on HCC was assessed. Methods: The levels of PCK1 in clinical HCC tissues and different HCC cell lines were investigated with real time quantitative PCR, immunochemistry, and western blotting. Thereafter, the expression of PCK1 gene was induced in two HCC cell lines and the effect of the overexpression on proliferation and migration potentials of HCC cells was detected with CCK-8 assay, flow cytometry, TUNEL staining, and transwell assay. The activities of glycolysis and gluconeogenesis pathways in PCK1-overexpressed HCC cell lines were detected with specific kits to underlie the mechanism by which PCK1 exerted its function. The results of the in vitro experiments were validated with HCC xenograft rat models. Results: The expression levels of PCK1 were suppressed in HCC samples and in cells derived from HCC tissues. According to the results of the in vitro assays, the overexpression of PCK1 decreased viability, induced apoptosis, and inhibited migration in both HCC cell lines. The effect was associated with the suppressed glycolysis and the induced gluconeogenesis pathways, represented by the enhanced production of glucose and the limited production of pyruvic acid, lactate, citrate, and malate. The results of the in vitro assays were confirmed in rat models in that the growth rate of solid HCC tumors was reduced in mice transplanted with PCK1-overexpressed HCC cells. Conclusion: Findings outlined in the current study demonstrated that activating gluconeogenesis process via PCK1 overexpression was a potential treating strategy against HCC.
Overexpression of PCK1 Gene Antagonizes Hepatocellular Carcinoma Through the Activation of Gluconeogenesis and Suppression of Glycolysis Pathways
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Introduction
During the past decades, emerging evidence demonstrates that metabolic reprogramming is a typical characteristic of cancers [1] . With the theory becoming a central subject in cancer study, metabolic pathways associated with oncogenesis, tumor progression, and tumor metastasis have been and are being discovered [2] . During the initiation of metabolic reprogramming in tumors, abnormal metabolic profiles promote glucose uptake, glycolysis, and lactic acid production even in the presence of sufficient oxygen, which supports growth, proliferation, and survival of tumor cells [3, 4] . This so-called "Warburg" effect has been validated in distinct tumor types [5, 6] . By bypassing the mitochondrial respiration in oxygen-rich conditions albeit the increased level of glycolysis, tumor cells successfully develop the key feature of metabolic reprogramming, now termed as aerobic glycolysis [2] . The "glucose addiction" endows tumor cells with enhanced metabolic flexibility for their anabolic requirements [7] . On the basis of the above studies, more attention is being paid to strategies that can restore normal metabolic conditions of cancer patients [8] [9] [10] [11] .
Gluconeogenesis, a reverse process of glycolysis, generates glucose from small carbohydrate substrates such as pyruvate, lactate, glycerol, and gluconeogenic amino acids [12] . Given that gluconeogenesis drives the metabolic flux in parallel but opposite to glycolysis, scientists believe that activating gluconeogenesis will interrupt metabolic reprogramming, initiate metabolic stress, and lead to the imbalance of energy homeostasis in cancer cells. Therefore, modalities capable of modulating gluconeogenesis are attracting lots of interest in recent years [13] and plenty effort has been made to facilitate the development of gluconeogenesis-based anti-cancer therapies [8] [9] [10] [11] . Of types of cancers, hepatocellular carcinoma (HCC) has been proved to be sensitive to the treatments based on gluconeogenesis activation [8] [9] [10] [11] .
As the primary organ responsible for endogenous glucose production, the function of liver is closely associated with gluconeogenesis. Numerous studies indicate that the development of neoplasm in livers is always associated with the impaired gluconeogenesis [9, 10] . Thus, the restoration of gluconeogenesis has been proposed as one of the primary tasks for the management of HCC. For example, p53 tumor suppressor protein enhanced gluconeogenesis by inducing the expressions of G6PC and PCK2, which prevented glucose from being shunted to pro-cancer pathways such as glycolysis and pentose phosphate pathway (PPP) [9] . Similarly, the inhibition of mTOR2 in HCC initiated shuttle of the glycolytic flux to gluconeogenesis along with inhibited proliferation and survival in cancer cell, which was also mechanistically linked to the up-regulation of G6PC and PCK1 [10] .
Phosphoenolpyruvate carboxykinase (PEPCK/PCK, encoded by PCK) and glucose-6-phosphatase (G6Pase, encoded by G6PC) are key enzymes of gluconeogenesis in the liver, of which PCK governs the rate-limiting step [2] . The enzyme catalyzes the conversion of oxaloacetate (OAA) to phosphoenolpyruvate (PEP) and its activity is distributed both in cytosol and mitochondria. As a result, two enzymatically indistinct isozymes, PEPCK-C (PCK1) and PEPCK-M (PCK2), encoded by different genes (PCK1 and PCK2) exist [14] [15] [16] . Compared with PCK2, PCK1 has been widely studied and is considered as a potential target for the development of novel treating methods for HCC [8, 10, 17] . However, most previous researches explored the function of PCK1 in an indirect way [8, 10, 17] , few studies have made attempt to elucidate the role of PCK1 in the development of HCC by directly controlling the expression of the factor. In the current study, the expression levels of PCK1 in clinical HCC samples were investigated. Thereafter, the expression of PCK1 in HCC cell lines was induced and the effect on the gluconeogenesis, glycolysis, proliferation, and migration in HCC cells was assessed. Furthermore, at molecular level, the expressions of indicators related to gluconeogenesis were detected to demonstrate the mechanism through which PCK1 exerted its anti-HCC function. 
Materials and Methods

Patients and tissue specimen collection
Twelve HCC patients were included in the current study from The General Hospital of Shenyang Military Area Command. Subjects should meet the following criteria: 1) HCC samples from the hepatectomy must be identified to be primary HCC and para-tumor tissues sampled from the patients must contain no HCC cells; 2) Patients should have detailed information of clinicolpathological and prognostic information. Those who had received any therapy against HCC before the operations were excluded. Tumor and paratumor samples collected during the operations were preserved in 4˚C and -80˚C respectively before sent for histological and molecular analyses. The study was approved by The General Hospital of Shenyang Military Area Command ethics committee for the relating screening, inspection, and data collection of the patients. All the subjects signed written informed consent forms. All the works were undertaken following the provisions of the Declaration of Helsinki. 
Chemicals and antibodies
Cell cultures and animals
Human HCC cell line CSQT-2 was a gift from Prof. Shuqun Cheng. Human HCC cell lines hep3B (Catl. No. TCHu106) and Huh7 (Catl. No. TCHu182) were purchased from Shanghai Cell Bank of Chinese Science Academy. Human HCC cell line SMMC-7721 (Catl. No. ZQ0029) was purchased from Zhongqiaoxinzhou Biotech Company. All the cell lines were cultured in DMEM supplemented with 10% FBS and penicillin/ streptomycin at 37°C in an atmosphere of 5% CO 2 and 95% air. All the cell lines were cultured at a density that allowed cell division throughout the experiments. The expression of PCK1 at mRNA and protein levels in different cells were quantified with reverse transcription quantitative PCR (RT-qPCR) and western blotting assay respectively. SPF BALB/c-nu mice were purchased from Vital River (Beijing, China) and maintained in cages at room temperature (20-25°C) with a constant humidity (55 ± 5%) with free access to food and water in a 12:12-h light-dark cycle. All the animal experiments were conducted in the accordance with the Institutional Animal Ethics Committee and Animal Care Guidelines for the Care and Use of Laboratory Animals of The General Hospital of Shenyang Military Area Command.
Construction of PCK1 expression vector and cell transfection
The whole ORF of PCK1 was obtained from GenBank database (Accession number: NM_002591) and ligated into pcDNA3.1 to form PCK1 expression vector pcDNA3.1-PCK1. According to the detections of PCK1 levels in different HCC cell lines, two cell lines with relatively lower PCK1 levels, hep3B and SMMC-7721, were selected for transfection of pcDNA3.1-PCK1 using Lipofectamine 2000 (Catl. No. 1024993, Invitrogen, San Diego, CA) according to the instruction for manufacturers. Each cell line was divided into three groups: A Control group, parental cells. B NC group, cells transfected with pcDNA3.1 vector . C PCK1 group, cells transfected with pcDNA3.1-PCK1 vector. Stable transfection was selected with G418 (400 μg/mL) and verified with RT-qPCR and western blotting. ]/2. Upon completion of the raise, mice were sacrificed and tumor specimens were collected for histological and molecular analyses.
Transplantation of HCC cells into nude mice
RT-qPCR
For RT-qPCR detection, total RNA in tumor tissues and HCC cells was extracted using RNA purified total RNA extraction kit according to the manufacturer's instruction (Calt. No. RP1201, BioTeke, Beijing, China). β-actin was selected as the internal reference gene. The total RNA was reversely transcribed to cDNA 
Western blotting assay
Total protein in tumor tissues and HCC cells was extracted using the total protein extraction kit according to the manufacturer's instruction (Catl. No. WLA019, Wanleibio, China). β-actin was used as the internal reference. Concentrations of protein samples were determined using BCA method. 20 μL of protein (40 μg) was subject to a 10% sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE). Target proteins were transferred onto polyvinylidene difluoride (PVDF) sheets and the membranes were washed with TTBS for 5 min before incubation in skim milk powder solution for 1 h. Primary antibodies against PCK1 (1:400), G6PC (1:1000), cleaved caspase 3 (1:1000), and β-actin (1:1000) were incubated with membranes at 4°C overnight. After four washes using TTBS, secondary HRP IgG antibodies (1:5000) were added onto the membranes for 45 min at 37°C. After additional six washes using TTBS, the blots were developed using Beyo ECL Plus reagent and the results were detected in the Gel Imaging System. The relative expression levels of proteins were calculated with Gel-Pro-Analyzer (Media Cybernetics, USA).
Immunohistochemical detection
Sections were made from different samples, examined independently by senior pathologists, and frozen immediately for PCK1 detection. For immunohistochemical detection, tissue slides were placed in 60°C overnight before being incubated with dimethylbenzene for dewaxing. The slides were hydrated with different concentrations of alcohol (100% for 5 min, 95% for 5 min, 85% for 5 min, and 75% for 5 min.) followed by washed with H 2 O 2 for 5 min. Then slides were fixed using methanol solution with 3% H 2 O 2 and blocked with 1% BSA for 30 min at 37°C. They were then incubated with primary antibody against PCK1 (1:100) at 37°C for 30 min before incubated at 4°C overnight. After four cycles of 0.01 M PBS washing, 5 min for each cycle, secondary antibody (1:200) was added onto the slides and placed at 37°C for 30 min before another four cycles of PBS wash. Then diaminobenzidine (DAB) was added to the slides and reacted for 3-10 min until the reaction was stopped by ddH 2 O. Slides were re-stained using haematoxylin and dehydrated. Results were detected using a microscope (BX53, OLUMPUS, Japan) at 400× magnification
Determination of activity of glycolysis pathway in PCK1-overexpressed HCC cell lines
The activity of glycolysis pathway was determined by quantifying the levels of different products (including pyruvic acid, lactate, fructose-6-phosphate, and malate) of glycolysis. The expressions of key kinases involved in the regulation of glycolysis (including HK2, PFK1, and PKM2) were detected with RTqPCR. Glucose production assay The production of glucose in cells was detected using glucose detection kit according to the manufacturers' instruction and normalized to total protein.
CCK-8 assay
Cell viabilities of PCK1-transfected HCC cell lines were measured using a CCK-8 method: briefly, 100 μL CCK-8 solution was added to the cultures and incubated at 37°C for 1 h. The OD values at 450 nm of different treatments were detected using a Microplate Reader and normalized as relative cell viability (%) compared to control cells (untreated cells): [OD 450 ] sample /[OD 450 ] control × 100 [18] Flow cytometry assay The apoptotic rates of HCC cells were determined with flow cytometry. Cells in different groups were collected with centrifugation at 2000 rpm for 5 min. Then the cell apoptotic rates were measured using an Annexin V-FITC Apoptosis Detection Kit (WLA001c, Wanleibio, Shenyang, China) according to the instruction for manufacturers: briefly, 5 μL Annexin V was added to different wells. After incubation with Annexin V for 10 min at room temperature, the cells were re-suspended with 1×Binding buffer and added with 5 μL Propidium Iodide. The apoptotic rates were analyzed using a FACScan flow cytometry (Accuri C6, BD, USA) and the total apoptotic rate (UR+LR-all apoptosis cell percentage) was equal to the sum of the late apoptotic rate (UR, upper right quadrant-advanced stage apoptosis cell percentage) and the early apoptotic rate (LR, lower right quadrant-prophase apoptosis cell percentage).
Terminal-deoxynucleoitidyl Transferase Mediated Nick End Labeling (TUNEL) staining
Cell apoptosis was detected using in situ cell death detection kit following the instruction for manufacturers. The apoptotic cells were stained brown and the results were detected using a microscope (BX53, OLUMPUS, Japan) at 200× magnification.
Transwell experiment
The transwell experiment was performed to evaluate the migration ability of HCC cells: 200 μL incubation (with 1 mM MgCl 2 ) medium containing 1×10 4 cells was seeded into the upper chamber of transwell chambers (Corning star, Cambridge, MA). Then cells were incubated at 37°C in an atmosphere of 5% CO 2 and 95% air for 24 h to allow the migration through the porous membrane. Upon completion of the culture, cells remaining at the upper surface of the chamber were completely removed. The lower surfaces of the membranes were fixed with 4% paraformaldehyde for 20 min and stained in a solution containing 0.5% (w/v) crystal violet for 5 min. After being washed using ddH 2 O, numbers of cells in five fields of each group were determined using Image-Pro Plus 6.0 software (Nikon) at 200× magnification and averaged.
H&E staining
The histological changes in tumor specimens collected from nude mice were observed using Hematoxylin and eosin (H&E) staining: briefly, tissues were placed into Bouin solution (4% formaldehyde) for perfusion fixation, dehydrated using different concentrations of alcohol, and vitrified in dimethylbenzene. Afterwards, samples were embedded in paraffin, sectioned, and stained with H&E and the results were detected under a microscope at 200× magnification. The nuclei in tumor tissue were stained blue and the cytoplasms were stained pink, and the degree of staining varied with the age of cells.
Statistical analysis
All the data were expressed in the form of mean ± standard deviation (SD). One-way analysis of variance (ANOVA), ANOVA for repeated measurements, and post doc test by Duncan method were performed using general liner model. Statistical significance was accepted with P value < 0.05. All the statistical analyses were conducted using SPSS version 19.0 (IBM, Armonk, NY, USA).
Results
Expression levels of PCK1 were inhibited in clinical HCC samples and in HCC cell lines
In total, 12 HCC patients were included in the current study. At mRNA, the level of PCK1 was highest in para-tumor samples (Fig. 1A) , and decreased in tumor and tumor thrombus 1A) (P < 0.05). The changing pattern of protein was similar to that of mRNA: tissues from para-tumor samples had the highest level of PCK1 while tumor thrombus tissues had the lowest PCK1 level (Fig. 1B and Fig. 1C ) (P < 0.05). Moreover, as shown in Fig. 1D , the immunohistochemical detection confirmed the results of western blotting assay: PCK1 positive cells characterized by brownish-yellow particles were more extensively distributed in para-tumor tissues.
To verify the expression status of PCK1 in HCC, the levels of PCK1 in four HCC cell lines were also detected. As shown in Fig. 2 , the expression of PCK1 was lower in hep3B, Huh7, and SMMC-7721 cells which were derived from tumor tissues compared with CSQT-2 cells derived from portal vein tumor thrombus tissues. Two cell lines, hep3B and SMMC-7721 with the relatively lower levels of PCK1 were selected for subsequent assays (Fig. 2) .
Overexpression of PCK1 blocked the glycolysis process in HCC cell lines
The transfection of expression vector increased the expression of PCK1 both at mRNA and protein levels (Fig. 3) in HCC cells. The overexpression of PCK1 suppressed the production of pyruvic acid, lactate, citrate, and malate in HCC cells, representing the blockade of glycolysis process due to the induced expression of PCK1 (Fig. 4A) (P < 0.05). However, the production of fructose-6-phosphate was not significantly influenced by the overexpression of PCK1 (Fig. 4A) , which might be attributed to the increased production of fructose-6-phosphate in gluconeogenesis induced by PCK1 overexpression. The results of biochemical detection were further validated by RT-qPCR. As shown in Fig. 4B , the expressions of HK2 and PKM2 were inhibited, representing an impaired glycolysis process by PCK1 overexpression. It was also found that the expression of PFK1 was not influenced by PCK1 overexpression, partially explaining the production pattern of fructose-6-phosphate in cells of different groups. 
Overexpression
Antagonizing effect of PCK1 on HCC cells was exerted by activating process
To confirm the increased level of gluconeogenesis in HCC cells, the expression of another step limiting enzyme in gluconeogenesis, G6PC, was also detected. Both at mRNA and protein levels, the overexpression of PCK1 induced the expressions of G6PC (Fig. 6A and 6B) . Moreover, the production of glucose in PCK1-overexpressed cell lines was increased as well, confirming the activation of gluconeogenesis (Fig. 6C) . The initiation of gluconeogenesis process was concomitant with the inhibiting effect of PCK1 overexpression on HCC cells, which implied that the function of PCK1 in HCC was related to the activation of gluconeogenesis. 
Overexpression of PCK1 inhibited the formation of solid tumor in vivo
To validate the inhibiting effect of PCK1 on tumorigenecity of HCC, BALB/c-nu mice were transplanted with HCC cells to induce in vivo HCC models. As shown in Fig. 7A and Fig. 7B , volume of solid tumors in different groups kept increasing until the completion of house. For mice transplanted with hep3B cells, the average tumor volume in PCK1 group was significantly smaller than Control and NC groups, and the differences since the second sampling time point were statistically significant ( Fig. 7A ; Table 1) (P < 0.05). A similar growth pattern was also detected for assays with SMMC-7721 cells ( Fig. 7B ; Table 1) (P < 0.05). Illustrated by H&E staining, in samples overexpressing PCK1, cell integrity was impaired, cytoplasms spread in wider range, and adhesion between cells were broken ( Fig. 7C and  Fig. 7D ). Corresponding to the RT-qPCR and western blotting detection results of the in vitro experiments, the expressions of PCK1 and G6PC were both up-regulated, representing the initiation of gluconeogenesis in vivo (Fig. 7E-7H ).
Discussion
Liver plays a determinant role in the maintainance of blood glucose concentration by supplying glucose to circulation and by removing glucose from circulation after meal ingestion [19] . One of the critical processes involved in the regulation of blood glucose by liver is gluconeogenesis. The process is described as the production of glucose from noncarbohydrate carbon sources and a reverse glycolysis pathway [2] . It is well recognized [2] . The metabolic r e p r o g r a m m i n g in cancer cells is mainly attributed to the "aerobic glycolysis" process which enhances the metabolic flexibility of cancer cells [7] . Thus, the modulation of glycolysis/ g l u c o n e o g e n e s i s has reasonably become an attractive therapeutic strategy for treatments of cancers.
In the present study, the expression and function of PCK1, a step limiting enzyme of gluconeogenesis, was detected in vivo and in vitro and employed as a target for the regulation of gluconeogenesis in HCC cells. The enzyme allows the conversion of small carbon metabolites and tricarboxylic acid cycle metabolites into glycolysis intermediates [9] . Based on the investigation with clinical HCC samples and different HCC cell lines, the expression of PCK1 was clearly suppressed in HCC. The overexpression of PCK1 in two HCC cell lines with relatively lower PCK1 levels inhibited cell viability and migration. Moreover, the antagonizing effect of PCK1 overexpression on HCC cells was concomitant with the suppression of glycolysis and the induction of gluconeogenesis, confirming the conclusion that the promoted gluconeogenesis in HCC would detrimentally affect cancer cell survival [10] .
The suppression of gluconeogenesis in HCC has been reported by previous studies [9, 10, 20, 21] . Thus, exploring factors activating gluconeogenesis has become a central subject for the development of anti-HCC therapies. As mentioned above, p53 and mTOR2 have exhibited their potential to modulate gluconeogenesis both through the regulation of PCKs [9, 10] . However, the functions of these indicators are not restricted to the influence on glucose metabolism. Their complicated functions in diverse biological processes constrain their potent as targets for the development of anti-HCC therapies by modulating gluconeogenesis [9, [22] [23] [24] .
For gluconeogenesis, the synthesis of PEP from OAA is an absolutely required process. Generally, this reaction strictly depends on the activity of PCK1 [25] . Mice with homozygous deletion of PCK1 gene are impaired by severe hypoglycermia and profound changes in lipid and amino acid metabolism after birth [26] . Therefore, it was expected in the current study that the overexpression of PCK1 would counteract the pro-survival function of metabolism reprogramming in HCC cells. The results of our experiments were promising in that PCK1 overexpression not only inhibited cell growth and migration in vitro but also restricted 
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Cellular Physiology and Biochemistry growth and invasiveness of solid HCC tumors in animal models without evident side effects on animal survival. To further determine the effect of PCK1 overexpression on glycolysis and gluconeogenesis, the levels of products and enzymes in glycolysis were measured. The results showed that in PCK1-overexpressed HCC cells, glycolysis process was evidently suppressed while gluconeogenesis process was initiated. The up-regulation of G6PC and PCK via mTOR2 inhibition induced the glucose production in cancer cells [10] . However, rather than increasing the mitochondrial oxidative phosphorylation, such redundant production of glucose only led to glucose consumption that was shunted off into gluconeogenesis [10] . Thus, the activation of PCK1 and G6PC in cancer cells created a "futile" cycle where glucose consumption was increased but only to have it to be broken down and then recycled through gluconeogenesis. Moreover, distinct from factors such as p53 and mTOR2, the function of PCK1 is highly related to glucose metabolism especially in liver tissues [27] . The intended modulation of PCK1 gene has little influence on other biological processes, which can be employed as a highly specific candidate for the development of anti-HCC therapies.
In conclusion, the overexpression of PCK1 showed lethal effect on HCC cells. The induced expression of PCK1 not only inhibited cancer cell proliferation and migration in vitro but also restricted growth of solid tumors in vivo. Advantageous over the previous reported factors, the modulation of PCK1 takes its action on the metabolism reprogramming feature of cancer cells and has little effect on other biological pathways. With more comprehensive studies in the future, the potential of PCK1 as a highly specific and effective target for gluconeogenesisbased anti-HCC therapies will be fully explored. 
